Proton pump inhibitors (PPIs) have become known for both their therapeutic effect and good safety profile. An application was submitted to the US Food and Drug Administration for approval of a reformulated PPI product that failed bioequivalence testing, but was submitted on the basis of the long history of PPI use as a "surrogate" for equivalence. This review evaluates the safety data for PPIs, discuss variability of pharmacokinetic parameters of PPIs in the reformulation setting, and potential implications of those changes for long-term safety. Clin Transl Sci (2017) 10, 387-394; doi:10.1111/cts.12475; published online on 15 June 2017.
excluded despite PPI's good safety profile and their presence on the market for decades. Importantly, the review provides an insight into the decision-making process by the regulatory authorities that factor in different kinds of safety evidence in considering different kinds of regulatory action where the important considerations are given to the protection of the public health.
HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-OGY OR TRANSLATIONAL SCIENCE
✔ By raising potential safety concerns accrued by the increased levels of the PPIs, the review supports the current BA/BE assessment paradigm as an appropriate safety measure in the postmarketing setting.
The pharmaceutical product lifecycle begins with regulatory approval and ends with its market discontinuation. During this time the product's inactive ingredients or method of manufacture may change and post-approval reformulation may be needed. This situation is analogous to when a patent expires and other manufacturers develop generic versions. In both situations the reformulated product or a generic copy must undergo bioequivalence (BE) testing and meet the BE requirements to ensure therapeutic equivalence.
Bioequivalence means the absence of a greater-thanallowable difference between the systemic bioavailability of a test product and that of a reference product. What is an "allowable difference" has been debated in the medicalscientific community ever since the original "Bioavailabity and Bioequivalence" regulations were first published in the Code of Federal Regulations in 1976. The US Food and Drug Administration (FDA) defines test and reference products to be bioequivalent if the rate and extent of absorption of the test drug do not show a significant difference from the rate and extent of absorption of the reference drug, when administered at the same molar dose of the therapeutic ingredient under similar experimental conditions following a single dose in a suitable number of normal subjects. The confidence interval (CI) of the geometric means (log transformed) of the "test vs. reference" is evaluated using a two one-sided t-test (90% CIs) with a BE acceptance range of 80-125%. This definition of the BE has been termed "average BE." 1, 2 The regulations require that bioequivalence examine both the extent of absorption and the rate of absorption. While there is consensus regarding area under the curve (AUC) as the appropriate metric for the extent of absorption (i.e., bioavailability), 3 there was, initially, disagreement on the decision criterion for "rate," as it is a continually varying parameter. From a strict pharmacokinetic (PK) definition standpoint, "rate of absorption" is defined as the absorption rate constant (Ka), and is taught as such in courses on PKs. While algebraically true, Ka is also a sampling-dependent parameter, in that the calculation of Ka is dependent on the number and timing of blood samples. Ka is by its very definition a variable parameter and is unsuitable for bioequivalence testing. Instead, it has been generally accepted that maximum concentration (C max ), being the peak concentration produced after dosing, is a more appropriate parameter for assessing the rate of absorption, even though it is a hybrid parameter, in that it is affected by both the rate of absorption and the rate of elimination; it is also sampling-dependent. Samplingdependent in that the timing of samples is also critical to its demonstration; however, it is less sensitive than Ka is in this regard.
Both AUC and C max (and any other secondary parameters that may be evaluated) must pass the same standard, the aforementioned log transformed 90% CI, in the United States. For drugs under a new drug application (NDA), the FDA looks at the totality of the data with regard to safety and experience with higher doses and has allowed products with adequate data to be approved with "modest deviations" from the 80-125 acceptance interval. It should be noted that the Office of Generic Drugs does not allow this degree of flexibility as the mandate, for there is one of "switchability" between manufacturers. The European Union, however, has adopted more flexible criteria in allowing the acceptance interval for C max to be widened based on drug characteristics. 4 Proton-pump inhibitors (PPIs) are a group of drugs that cause a pronounced reduction of gastric acid production through inactivation of the proton pump in the gastric wall. Launched in the late 1980s, PPIs have been on the market for nearly three decades. This class of medication has become known for both their excellent therapeutic effect and good safety profile, 5 leading to increasingly common long-term use that was not studied in the original NDA nor are reflected in the current package insert. The "branded" drug product that is the subject of this article has, during its life-cycle, been reformulated more than once, and numerous generic equivalents have been developed and approved for use. To support this proposed change in the manufacturing process, the sponsor submitted data from an open-label, randomized, single dose, 4 × 4 crossover BE study comparing the reformulated product to the reference product at two different strengths. The results showed that the mean ratio for C max values of the reformulated product were more than 50% higher than that of the corresponding reference formulation, with 90% CI exceeding the FDA BE limit of 80-125%. However, the AUC mean ratios and corresponding 90% CI are within the BE acceptance limit. As part of the application submitted to the FDA there was an explanation that AUC and not C max would be more closely aligned to efficacy for a PPI and as AUC has demonstrated equivalence, then the lack of C max BE was not significant.
The above-described case raises the question as to whether drugs with proven efficacy and good safety records such as PPIs should be subjected to the "one size fits all" rigorous BE criteria or not. Specifically, it questions the clinical significance of C max with regard to therapeutic effect and whether its interpretation should be more flexible. This review is aimed to evaluate the safety data for PPIs, discuss PK parameters of PPIs in the reformulation setting, and potential implications of those changes for long-term safety.
METHODS
Relevant material was obtained: i) by reviewing the publicly available FDA review documents (Drugs@FDA) for generic and brand name PPIs including both clinical and bioequivalence results; ii) by reviewing published literature using strategic search terms; and iii) by searching the FDA Adverse Event Reporting System (FAERS) and performing pharmacovigilance disproportionality analysis. The searches were limited to PPI products marketed in the United States.
The MEDLINE/PubMed, Google, Google Scholar searches ranged from September 1989 to June 2015. Figure 1 shows the flow chart diagram of the selection process of the studies included in the review. Both generic and brand name products were evaluated. Preliminary screening of the literature showed that most safety concerns encountered with PPI use fell into the following categories: those related to the direct effect of gastric acid suppression (vitamin B 12 , iron, magnesium, and calcium malabsorption leading to osteoporotic fracture, enteric infections including Clostridium difficileassociated diarrhea); the physiological response to acid suppression (hypergastrinemia leading to increased cancer risk or hyperparathyroidism); and PK interaction with the metabolism of other medications (PPI and clopidogrel; PPI and methotrexate (MTX) interaction) resulting in an altered pharmacodynamic effect. Due to a high volume of data, the search was narrowed to studies that contained information on the long-term use safety concerns associated with the direct effect of gastric acid suppression, specifically to the risk of fractures. The search terms included Prilosec, Prilosec OTC, Omeprazole, Nexium, Esomeprazole, Dexilant, Dexlansoprazole, Prevacid, Prevacid 24HR, Lansoprazole, Zegerid, Zegerid OTC, Omeprazole with Sodium bicarbonate, Protonix, Pantoprazole, AcipHex, and Rabeprazole (All these trade names are the property of their respective owners and/or companies. No endorsement is intended or implied.); Proton pump inhibitor(s), Fracture, Osteoporosis, Bone mineral density, Hypocalcaemia, Long-term use, Chronic use, and Off-label use.
The year of publication, the number of patients enrolled in the study, the strength of the association between fractures, and PPI formulation usage were documented and the results were tabulated.
Cumulative proportional reporting ratios (PRRs) for all PPI formulations marketed in the United States were calculated using an open FDA dynamic PRR software tool 6, 7 to evaluate how PRR scores evolved over time. Input data were taken from the public release of the FAERS for spontaneous adverse reports of fractures from the first quarter of 2004 till June 2015. The potential signal criteria included the appearance of a minimum of three drug-event reports of fracture, a cumulative PRR >2, and the crossing of a common boundary of statistical significance by chi-squared (χ 2 ) testing (χ 2 (3.86 indicates a 95% CI, assuming 1 degree of freedom with the Yates correction)). 8 The results were tabulated and transformed into a graph. 
RESULTS
Review of the FDA source documents on BE studies confirmed that the estimated 90% CI for the ratio of geometric means of the primary PK parameters (AUC and C max ) were totally within the BE limits of 80-125% for all generic PPIs marketed in the United States.
For two brand name products the estimated 90% CI for the ratio of geometric means of the AUC were within the BE limits, while the C max values deviated from the accepted BE range. 9 The mean ratio for C max for Drug A (a delayed release (DR) capsule) was: 1.04, 90% CI (0.82-1.31%); and for Drug B (an immediate release (IR) capsule): 1.48, 90% CI (1.29-1.71%); and the C max for a higher strength DR capsule: 1.49, 90% CI (1.26-1.77%). In this case, as the comparison was that of a delayed release product to an immediate release product, a difference in absorption rate was to be expected, and the products were allowed onto the market with supporting in vivo clinical data. This specific exception to "rate equivalence" is specifically allowed for in the bioequivalence regulations (21 CFR 320.23 (a)(3)). The accepted BE interval for both AUC and C max parameters for all other brand PPI products was met.
As noted previously, the literature search retrieved 3,628 published articles: 40 of which were selected for being directly relevant to the main question (six animal, two in vitro, and 32 human studies).
Animal and in vitro studies [10] [11] [12] [13] [14] [15] [16] [17] started to appear in the scientific literature in 1998 (Supplemental Material- Table  A) . These studies were mostly conducted with omeprazole (the first approved PPI), and demonstrated that PPIs decreased calcium absorption in rats, 10 delayed fracture healing in mice; 11 decreased the differentiation and activation of osteoclasts; 12, 13 decreased cell viability and function of human osteoclasts in vitro; 14 produced a dose-dependent decrease in bone resorption and reduction in bone formation, tibia calcium content, and serum tumor necrosis factor alpha (TNF-α), and interleukin (IL)-6. 15 Different hypotheses www.cts-journal.com to explain the effect of PPIs on bone remodeling were formulated.
Publications reporting human studies started to appear in the scientific literature in 2005 (Supplemental Material- Table B ). The number of publications varied from one in 2005 to seven in 2013 and have increased over time. Figure 2 demonstrates the timeline of publication appearance in the scientific literature relevant to the year of the drug approval, with drugs approved for over-the-counter use being indicated above the line to distinguish them from the original NDA approvals. Only one of the 32 studies was a randomized control crossover trial; 18 the rest were observational in nature. Two studies were short-term and 30 were long-term. While the randomized control trial was very short term (1 week), it nevertheless showed a significantly decreased fractional calcium absorption compared with placebo. Another short-term study (12 weeks) in healthy adult males, aimed to evaluate the effect of PPIs on biochemical markers of calcium and bone metabolism, found no difference between the groups in levels of albumin, phosphate, calcium, ionized calcium PTH, 25-OH-vitamin D, osteocalcin, C-terminal cross-linked telopeptides of type I collagen before and after PPI treatment. 19 Seven out of the 30 long-term studies evaluated bone mineral density (BMD) in PPI users compared with nonusers. Four out of seven showed a decrease in BMD in PPI users compared with nonusers, 20, 23, 24, 36 while three others 21, 22, 49 showed no difference in BMD values. One of the studies that found a significant reduction in BMD in PPIs users 20 compared the risk of fracture for different PPI products. The reduction of BMD was significantly higher in lansoprazole participants compared with those who received pantoprazole. The reduction in BMD was significant in esomeprazole participants for both the lumbar spine and the femoral neck, while those who received lansoprazole or pantroprazole treatment only showed a significant decrease in BMD in the lumbar spine. The majority of the studies, however, did not differentiate between formulations, making it impossible to evaluate fracture risk across different PPIs.
Twenty-four studies evaluated the association between fracture risk and PPI intake. Twenty-two out of 24 found a small statistically increased risk of fracture, with odds ratios ranging from 1-2. The increase in risk was found across different countries, study types (cohort and case-control), and age groups ranging from 18 years old to the elderly. Some studies demonstrated that risk of fracture increased with age. 36 However, the results were inconsistent across these studies for a dose-or a duration-response, or time-to-onset of fracture. Not all subgroup analyses had statistically significant results. One cohort study of postmenopausal women 25 found an association between regular PPI use and risk of fracture that increased with longer duration of PPI use. Many of the studies were population-based and of large size. However, these studies were observational and prone to residual confounding. Some of the covariates had incomplete information and only one study 26 validated electronic exposure and outcome data for accuracy of exposure or diagnosis. None of the studies accounted for over-the-counter (OTC) drug use for PPIs or concomitant drugs. Finally, none of the studies reported on fatalities associated with fractures.
Some plausible biologic mechanisms for increased fracture risk were proposed:
1. PPIs could affect osteoclasts by inhibiting the osteoclastic proton pump and impacts osteoclast bone remodeling by reducing bone absorption and thus reducing bone strength. A suppressive effect of omeprazole on bone resorption is through modulation of V-type H+-ATPase activity of osteoclast acidproducing systems, which maintain bone turnover; The cumulative PRR statistical data on PPI associated fractures (drug-event) are summarized in Table 1 
DISCUSSION
PPIs have been on the world market for almost three decades. While PPI efficacy is undeniable and their shortterm safety profile is well established, an alarming number of publications linking PPIs to several nutritional, metabolic, and infectious disorders have surfaced during the last decade. The usual adverse reporting pattern of a product is that healthcare professionals and patients are more inclined to report adverse reactions when the product is new and decreases over time. The life-cycle adverse event (AE) reporting pattern of PPIs is somewhat unusual, in that the reporting of AEs, fractures in particular, started to emerge in the scientific literature only after the drug had been on the market for quite a while. This unusual reporting pattern may be indicative of long-term safety issues that were not considered at the time of original approval, as years of continuous or semicontinuous use were not foreseen. Epidemiological data suggest a positive although weak association between PPI use and risk of fractures, with cumulative PRRs showing a marginal drug-event association.
The most comprehensive explanation would be that in general PPIs are safe, but overprescribing and long-term use have taken them outside of the study envelope that was the basis for approval. Indeed, PPIs are now some of the most commonly prescribed drugs in the world, with billions of dollars in annual sales. 50, 51 Although the current PPI labeling includes recommendations to use the lowest PPI dose and shortest duration, while observing guidelines for patients at risk for osteoporosis-related fractures, long-term off-label use is very common. Long-term PPI usage rates increase with age. 52 In a large population-based cohort study, Lassen et al. 53 showed that 83% of long-term PPI users were >50 years old. Brand name product a and its generic equivalent. b N/A = not on the market yet or just approved or no data are available. PRR statistics provides a very basic analysis that only accounts for statistical associations in the coreporting of drugs and suspected ADRs. It is entirely based on aggregate numbers of reports and disregards the strength of individual reports.
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Other studies revealed that 65% of patients receiving longterm acid-suppressing treatment were age 60+ years and 25% were age 75+ years, 54 and according to one study, 55 a rate of >14% of long-term PPI use was ascertained in the 65+-year age group compared with under 2% in the 15-44-year age group. Some studies showed that primary care physicians regard PPIs as very effective, and relatively safe, making withdrawal of long-term PPIs difficult to achieve. [56] [57] [58] Consumers also view PPIs as safe due to their OTC availability and widespread/pervasive marketing. Thus, overutilization due to perceived safety of PPIs, as well as the readiness of the physicians to prescribe acid suppressants as long-term therapy, could explain the inconsistent but positive association between PPIs and the risk of fractures. Future studies evaluating the change in PPI prescription pattern over time (from 1989 to 2015) are needed to investigate longterm prescribing as the cause of the association.
Prilosec and its generic copy omeprazole was referenced in the majority of studies of fracture risk. Yet it was not possible to link the specific PPI formulation to the fracture risk. However, given the strictures of the FDA BE testing paradigm that are utilized by both the new drug and generic drug review processes, this potential confounding issue is likely to be of minimal significance for comparisons between different products. The PRR values for Prilosec were slightly above 2.0, with a 95% CI lower bound above 1.0. The number of drug-event counts for Prilosec was comparable to those of other PPIs, although occasional spikes in fracture occurrences were noted. These findings may indicate a marginal signal but should be evaluated with caution, as the PRR provides a very basic analysis that only accounts for statistical associations between a drug and an AE or a drugassociated AE. Moreover, the analysis was performed based on the publicly available FAERS database that has numerous limitations, which makes it unfeasible to determine causality between PPI use and fractures. It should also be noted that the dynamic PRR data-mining software searches for a specific preferred term (PT) such as "FRACTURE," and not for all PTs that contain this word. The data extraction was also limited to data entered between 2004 and 2015. Nonetheless the dynamic PRR tool served our purpose well for evaluating how the safety signal evolved over the 10-year period. The PRR scores for all PPIs remained consistently within a narrow range (1-2.25) for the extended period of time. Moreover, the PRR values for generic and brand name PPIs yielded a striking stability and similarity across the strata.
The original basis for the evaluation of the risk of long-term use of PPIs and fracture risk came about due to a submitted reformulation of a marketed PPI where there was a significant deviation in the 90% CI. From a regulatory point of view, the FDA had only a few options:
1. Reject the application as the sponsor has failed to demonstrate bioequivalence; 2. Acknowledge the difference but determine that the product still has adequate safety and efficacy for the intended use, as described in the approved labeling.
In order to accept the second option the sponsor would have had to demonstrate not only the efficacy, which is conceded, but that the higher drug levels are safe. One approach to do so would be to examine if there was a higher dose approved or one that was clinically studied but not marketed, but for which there is a relevant and adequate body of safety data that can be evaluated. In the case of PPIs there is general acceptance that the use of these agents (under the conditions as described in the package insert) is safe; however, current medical practice has evolved since most of these were approved. In addition, as mentioned in this article, the safety concerns of PPIs have also evolved from acute concerns to chronic concerns that were not specifically considered or studied at the time of approval (i.e., the studies were of insufficient duration to assess these issues).
Finally, this seemingly simple question of equivalence is in itself wrapped up in other questions that cut to the core of being a regulator, where decisions reached for one product have far-reaching implications for precedent and, in this example, include:
1. What would be an appropriate body of information (population and duration) to assure the safe use of this new formulation, assuming the increased C max value? 2. If approved as a product replacement, how would the FDA regulate new generics to this PPI in light of the fact that there are current generics available that are equivalent to the "old" formulation? a) Two reference products (old vs. new) b) Interchangeability c) Naming convention 3. How would labeling be constructed to make it clear that although the "new" product produces higher levels, that these levels in and of themselves have not been demonstrated to offer any efficacy advantages, despite the perception that higher levels are viewed as being more efficacious. 4. What would the implication be to the overall bioavailability/bioequivalence assessment paradigm, in that a product with such widely different performance was approved as a replacement product without new clinical trials? a) Could products that were previously turned down by the agency challenge their nonapproval on the basis of the BE argument that they were the same or "better" than this one?
4a is a particularly troubling issue for the FDA, as if approved without clinical trials it would be viewed as a precedent and could be used to unwittingly complicate a BE paradigm that has served the American public well over these last 40+ years. Complicating it is that one of the assurances of the in vivo bioavailability/bioequivalence testing paradigm is that there is a tight alignment between reformulations, generic, and reference comparisons, and other such performance questions.
Ultimately, the choice boils down, as is said by the FDA: "It is not what you or I believe, but what we can prove." In this situation, as the levels are so markedly different between the two formulations, and in the absence of a study demonstrating that there is no safety concern accrued by these increased levels that the decision to not approve this reformulation was determined to be the correct one.
In the spirit of the aforementioned statement, our review could neither prove nor disprove the clinical significance of the C max bioinequivalence and the relationship between C max and the occurrence of fractures in PPI users. This is because this specific question outstrips the possibility of currently existing methodologies to give a quantitative precise answer for the increase in C max demonstrated by the BE studies given the retrospective nature of the question. There is a lack of direct evidence of harmful effects and only indirect observations of a positive but marginal association between PPI use and fracture risk. The subtle changes in nutritional status that may cause long-term AEs are very difficult to detect, as these changes only become apparent over time.
While a small increase in C max may not be clinically evident, an increase of 50% could be, especially when the drug is used continuously for a long time. The magnitude of the risk for fractures with PPIs based on the current available data, if present, is relatively low. According to the estimation by Laine, it would translate into an additional 0.13% of the population over 50 years of age developing hip fractures annually. 59 Whether a 50% increase in C max would translate into a greater proportion of fractures and other AEs in chronic PPI users, changing the safety signal from marginal to obvious, is not known and may remain unknown for a long time until a sufficient number of subjects accumulate who have been on continuous (or nearly continuous) exposure to PPIs for the required number of years to see such a risk mature.
In conclusion, the long-term safety issues such as an increased fracture risk in PPI users cannot be excluded. Overprescribing and long-term PPI use that was not considered in the original risk-benefit approval "metric" are plausible explanations, although no definite conclusion can be drawn from the studies conducted so far. Future studies evaluating the change in PPIs prescription pattern over time are needed. The ability to do these studies will be hampered by the expected exiting of the marketplace by innovator companies once marketing becomes economically less viable. In such situations, the lodging of the data in a university consortia or in a "safe harbor" may be necessary to ensure the ability of such long-term evaluations to be made.
